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The RNA replication complexes of mammalian positive-stranded RNA viruses are generally associated with 
(modified) intracellular membranes, a feature thought to be important for creating an environment suitable 
for viral RNA synthesis, recruitment of host components, and possibly evasion of host defense mechanisms. 
Here, using a panel of replicase-specific antisera, we have analyzed the earlier stages of severe acute respiratory 
syndrome coronavirus (SARS-CoV) infection in Vero E6 cells, in particular focusing on the subcellular 
localization of the replicase and the ultrastructure of the associated membranes. Confocal immunofluorescence 
microscopy demonstrated the colocalization, throughout infection, of replicase cleavage products containing 
different key enzymes for SARS-CoV replication. Electron microscopy revealed the early formation and 
accumulation of typical double-membrane vesicles, which probably carry the viral replication complex. The 
vesicles appear to be fragile, and their preservation was significantly improved by using cryofixation protocols 
and freeze substitution methods. In immunoelectron microscopy, the virus-induced vesicles could be labeled 
with replicase-specific antibodies. Opposite to what was described for mouse hepatitis virus, we did not observe 
the late relocalization of specific replicase subunits to the presumed site of virus assembly, which was labeled 
using an antiserum against the viral membrane protein. This conclusion was further supported using or- 
ganelle-specific marker proteins and electron microscopy. Similar morphological studies and labeling exper- 
iments argued against the previously proposed involvement of the autophagic pathway as the source for the 
vesicles with which the replicase is associated and instead suggested the endoplasmic reticulum to be the most 


likely donor of the membranes that carry the SARS-CoV replication complex. 


In the spring of 2003, a novel respiratory disease in humans 
emerged in Southeast Asia and suddenly gripped the world. 
This atypical and life-threatening form of pneumonia was 
termed severe acute respiratory syndrome (SARS) (for a re- 
view, see reference 41), and a novel coronavirus (SARS coro- 
navirus [SARS-CoV]) was identified as the etiological agent (9, 
11, 26, 42). Coronaviruses are enveloped, positive-stranded 
RNA viruses with an ~27- to 31-kb genome, of which about 
two-thirds is occupied by a gene encoding the viral nonstruc- 
tural proteins, or replicase. By analogy with other members of 
the order Nidovirales (for reviews, see references 27, 57, 59, 
and 72), to which Coronaviridae belong, the replicase gene of 
SARS-CoV is comprised of open reading frame la (ORFla) 
and ORF1b, with expression of the latter involving a ribosomal 
frameshift near the 3’ end of ORFla. Consequently, genome 
translation produces two polyproteins (ppla and pplab) of 
unprecedented complexity and size (4,382 and 7,073 amino 
acids, respectively). The ppla and pplab primary translation 
products are subject to extensive proteolytic processing and, 
based on comparisons with other coronaviruses and recent 
experimental studies, are predicted to give rise to a total of 16 
mature nonstructural proteins (Fig. 1) (31, 47, 58, 65, 73). 
These replicase cleavage products engage in minus-strand 
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RNA synthesis, genome replication, and the production of 
subgenomic RNAs (for reviews, see references 39 and 52). The 
latter are used to express the genes in the 3’-proximal third of 
the genome, which encode structural and accessory proteins. 

Although many coronavirus nonstructural proteins remain 
to be studied in detail, a number of key enzymatic functions 
have been identified and characterized through a combination 
of theoretical and experimental approaches. Examples of such 
domains (Fig. 1) are the ORFla-encoded papain-like acces- 
sory proteinase (PLpro) and 3C-like main proteinase (Mpro), 
residing in nonstructural protein 3 (nsp3) and nsp5, respec- 
tively, and the ORF1b-encoded RNA-dependent RNA poly- 
merase (RdRp) (in nsp12), RNA helicase (in nsp13), and re- 
cently described nidovirus uridylate-specific endoribonuclease 
(NendoV) (in nsp15) (2, 3, 13, 15, 16, 18, 55, 58, 65, 73). 
Additional enzymatic domains include ADP-ribose-1'’-mono- 
phosphatase (in nsp3), a putative exoribonuclease (in nsp14), 
and a predicted ribose-2’-O-methyltransferase (in nsp16) (46, 
49, 58, 69). Furthermore, a number of small proteins encoded 
in the 3’-proximal part of ORF 1a (nsp7, nsp8, and nsp9) have 
been shown to possess RNA-binding properties and may op- 
erate as accessory factors for the RdRp complex (10, 43, 63, 
70). In view of the potential for reemergence of SARS-CoV 
and the limited means currently available to combat such an 
outbreak, the replicative enzymes are prime targets for the 
development of antiviral drugs. Consequently, it is essential 
both to characterize individual nonstructural proteins in 
vitro and to understand the intracellular working environ- 
ment in which nonstructural proteins interact and cooperate 
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FIG. 1. SARS-CoV replicase polyprotein organization, depicted in the form of the 7,071-amino-acid pplab. The border of amino acids encoded 
in ORFla and ORF1b is indicated as RFS (ribosomal frameshift), and arrowheads represent sites that are cleaved by the nsp3 PLpro (gray) or 
the nsp5 Mpro (black). The 16 proteolytic cleavage products (nonstructural proteins) are numbered, and within the cleavage products key replicase 
domains have been highlighted (see text also). These include putative transmembrane domains (TM) and the four ORF1b-encoded domains 
(RdRp, Z, Hel, and NendoU) that are conserved in all nidoviruses. Abbreviations, from the N terminus to the C terminus: aa, amino acids; ADRP, 
ADP-ribose-1'’-monophosphatase; RBD, RNA-binding domains; Z, (putative) zinc-binding domain; Hel, helicase domain; Exo, (putative) 


exonuclease; MT, (putative) ribose-2'-O-methyltransferase. 


during viral RNA synthesis, the SARS-CoV RNA replica- 
tion complex (RC). 

Over the past decade, the RCs of a wide variety of eukary- 
otic positive-strand RNA viruses have been found to be asso- 
ciated with (modified) intracellular membranes (for recent re- 
views, see references 1, 30, 38, and 51). Membrane association 
of the RC is thought to be important for creating a suitable 
(micro)environment for viral RNA synthesis and may also aid 
in preventing the activation of certain host defense mecha- 
nisms that can be triggered by double-stranded RNA interme- 
diates of RNA virus replication. In the case of nidoviruses, the 
subcellular localization of the RC and ultrastructure of the 
associate membranes have been studied in some detail only for 
the arterivirus equine arteritis virus (EAV) (40, 67) and the 
coronavirus mouse hepatitis virus (MHV) (5, 14, 44, 56, 66). 
For both viruses, when infected cells are analyzed by confocal 
immunofluorescence (IF) microscopy, the majority of replicase 
subunits (including RdRp and helicase) colocalize, presumably 
on virus-induced double-membrane vesicles (DMVs). Specific 
ORF la-encoded transmembrane domains (residing in nsp3, 
nsp4, and nsp6 in the case of SARS-CoV [Fig. 1]) have been 
implicated in DMV formation and membrane association of 
the nidovirus RC. In the case of the arterivirus EAV, in the 
absence of other viral components, the expression of two spe- 
cific transmembrane domain-containing nonstructural proteins 
(nsp2 and nsp3) induced DMV formation, presumably from 
endoplasmic reticulum (ER) membranes (60). For the coro- 
navirus MHV, studies of the origin of the RC-carrying mem- 


branes have remained equivocal thus far, which may be par- 
tially due to the fact that these studies used different cell lines, 
different cellular marker proteins, and antisera recognizing 
different nonstructural proteins. Several intracellular compart- 
ments (including the Golgi complex, endosomal membranes, 
ER, and autophagosomes) were previously implicated in MHV 
RC formation (14, 44, 66). 

For SARS-CoV, in a preliminary IF study using an anti- 
serum recognizing the helicase protein (nsp13), we described 
an initially punctate and subsequently patched staining of the 
perinuclear region of infected Vero E6 cells and partial colo- 
calization with ER markers (19). Subsequently, Prentice et al. 
(45) described a large panel of rabbit antisera and identified 12 
of the predicted 16 replicase cleavage products in immunopre- 
cipitation analyses of SARS-CoV-infected cell lysates. Similar 
IF labelings patterns were described for six ORFla-encoded 
subunits (nsp1 to nsp4 plus nsp8 and nsp9) and nsp13. In a 
dual-labeling experiment, the nsp8 staining was found to over- 
lap largely with that of nsp2 and nsp3 and was also claimed to 
partially colocalize with LC3, a key marker protein of the 
autophagic pathway (see below). In a recent study of the N- 
terminal domain of the SARS-CoV replicase (nsp1 to nsp3) 
and its processing by the nsp3 PLpro, Harcourt et al. (16) 
showed that, late in infection, most or all of nsp3 localizes to 
the site where de novo-synthesized viral RNA accumulates, as 
visualized by metabolic labeling with bromo-UTP. nsp1 and 
nsp2 only partially colocalized with this presumed site of viral 
RNA synthesis. 


TABLE 1. SARS-CoV antigens and antisera used in this study 


SARS-CoV Location in pplab Predicted 


Region (aa)* used as 


antigen (aa)? function” antigen puniigya ype Anveeen 
nsp3 819-2740 ADRP 834-943 His-tagged protein ansp3 
SUD 1208-1557 His-tagged protein 
PLpro 1558-2040 His-tagged protein 
nsp5 3241-3546 Mpro 3241-3546 His-tagged protein ansp5 
nsp8 3920-4117 RBD 3920-4117 His-tagged protein ansp8 
nsp9 4118-4230 RBD 4209-4230 Synthetic peptide ansp9 
nsp12 4370-5301 RdRp 5283-5301 Synthetic peptide ansp12 
nsp13 5302-5902 Helicase 5885-5902 Synthetic peptide ansp13 
nsp15 6430-6775 NendoU 6762-6775 Synthetic peptide ansp15 
M NA‘ Membrane protein 204-221 Synthetic peptide aM 


“ aa, amino acids. 


> ADRP, ADP-ribose-1'’-monophosphatase; SUD, SARS-CoV unique domain; Mpro, main proteinase; RBD, RNA-binding domain. See also reference 58. 


© NA, not applicable. 
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FIG. 2. Time course IF labeling experiment showing the development of SARS-CoV replicase signal in infected Vero E6 cells, as exemplified 
by labeling for nsp3. The initially punctate cytoplasmic staining (6 h p.i.) develops into a number of densely labeled areas close to the nucleus later 


in infection (9 and 12 h p.i.). Bar, 10 pm. 


At the ultrastructural level, the early phase of SARS-CoV 
replication and RC formation has not been studied in great 
detail. Published electron microscopy (EM) studies (12, 37, 71) 
focused mainly on nucleocapsid formation and virus produc- 
tion, did not use replicase-specific antisera, and were partially 
performed at late(r) stages of infection, when cytopathic effects 
begin to disrupt the cellular infrastructure. Goldsmith et al. 
(12) showed immunolabeling of cytoplasmic vesicles for (un- 
specified) viral proteins and RNA. Larger vesicle-containing 
membrane sacs and DMVs, partially resembling those previ- 
ously described for MHV, were also observed; however, given 
the multistep infection and late fixation (3 to 5 days postinfec- 
tion [p.i.]) used in these experiments, the timing of their ap- 
pearance in the context of the viral life cycle could not be 
properly assessed. 

In this paper, by using a panel of SARS-CoV replicase- 
specific antisera and a combination of IF microscopy and EM, 
we have analyzed the earlier stages of SARS-CoV infection 
and in particular the formation of membrane structures that 
are likely involved in viral RNA synthesis. With infected Vero 
E6 cells, we observed the early formation (4 to 6 h p.i.) and 
accumulation of typical DMVs, although their preservation 
strongly depended on the procedure used for fixation of the 
cells. In immunoelectron microscopy (IEM) labeling studies, 
vesicular structures could be labeled with SARS-CoV repli- 
case-specific antibodies. Key viral enzymes colocalized through- 
out infection, and, opposite to what has been described for 
MHV, the presumed RC appeared to remain fully separated 


from the site of virus assembly. Studies involving marker pro- 
teins point to the ER as the most likely source of the mem- 
branes with which the SARS-CoV RC is associated. 


MATERIALS AND METHODS 


Virus and cells. SARS-CoV strain Frankfurt 1 (kindly provided by H. F. 
Rabenau and H. W. Doerr, Johann Wolfgang Goethe-Universitat, Frankfurt am 
Main, Germany) was used to infect Vero E6 cells, which release maximum 
progeny titers by approximately 12 h p.i. (19, 45). Multiplicities of infection of 1 
to 10 were used, and cells were fixed between 3 and 18 h p.i. All work with live 
SARS-CoV was performed inside biosafety cabinets in the biosafety level 3 
facility at Leiden University Medical Center. 

SARS-CoV antisera. SARS-CoV-specific antisera (Table 1) were raised in 
New Zealand White rabbits as described previously (61), using as the antigen 
either bovine serum albumin-coupled synthetic peptides or His-tagged expres- 
sion products purified from Escherichia coli. For all sera, the specificity of the 
immune response was confirmed by a combination of Western blot analysis 
and/or immunoprecipitation studies (data not shown) and IF microscopy (see 
below). Mock-infected cells and preimmmune sera were included as negative 
controls. To allow dual-labeling experiments with two rabbit antisera recognizing 
different SARS-CoV nonstructural proteins, the immunoglobulin (Ig) fraction 
was isolated from 1.5 ml of anti-nsp3 (ansp3) serum by use of a protein A 
antibody purification kit (Sigma) and directly coupled to Alexa Fluor 488 
(AF488) dye by use of an AF488 protein labeling kit (Molecular Probes). 

Marker proteins and antibodies. To visualize a variety of cellular compart- 
ments, a combination of antibodies and green fluorescent protein (GFP)-tagged 
proteins was used. A cytomegalovirus (CMV) promoter-driven expression vector 
(pEGFP-N1; Clontech) for human lysosome-associated membrane protein 1 
(LAMP1) fused to the N terminus of GFP was kindly provided by Stephane 
Méresse, University of Marseille (6). A similar vector (pEGFP-C3; Clontech) 
expressing a fusion of GFP and human LC3B was generously donated by Karla 
Kirkegaard, Stanford University (20). To construct similar expression vectors 
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FIG. 3. Confocal IF microscopy analysis of the intracellular distribution of various SARS-CoV replicase subunits in infected Vero E6 cells. 
(A) Double-labeling experiments (9 h p.i.) using an AF488-coupled IgG fraction purified from an anti-nsp3 serum and antisera recognizing nspS5, nsp12, 
nsp13, and nsp15. Extensive colocalization of these five nonstructural proteins was observed throughout infection. (B) Double-labeling experiment (9 h 
p.i.) for SARS-CoV nsp3 and the ERGIC-S3 cellular marker protein. (C) Double-labeling experiment (18 h p.i.) for the SARS-CoV nsp13 helicase and 
the ERGIC-53 cellular marker protein, illustrating the complete separation of the nsp13 and the ERGIC at late time points in infection. (D) Double- 
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expressing fusions of GFP to the A and C isoforms of LC3, the LC3B gene was 
excised from pEGFP-LC3B by using restriction enzymes EcoRI (which cuts 
between the GFP and LC3B moieties of the gene) and PstI (downstream of the 
gene). Subsequently, a PCR product containing the coding sequence for LC3A 
or LC3C was inserted and the sequence of the insert was verified. The LC3A and 
LC3C coding sequences were amplified from cDNA clones obtained from the 
German Resource Center for Genome Research (RZPD). The LC3A PCR 
product was amplified from cDNA clone DKFZp761L0515Q (GenBank acces- 
sion number AL833855), and the sequence used was identical to nucleotides 
66 to 431 of this entry. The major part of the LC3C PCR product was amplified 
from cDNA clone HU3_p983B07336D2 (GenBank accession number 
AA424268), but since the LC3C coding sequence in this clone was found to be 
incomplete, the 3’-terminal 119 nucleotides were added by three subsequent 
PCR steps. The final product contained the full-length gene, which was identical 
to nucleotides 65 to 505 of the LC3C mRNA sequence, as documented for 
GenBank accession number NM_001004343. Transfection of CMV expression 
vectors into Vero E6 cells and subsequent SARS-CoV infection were described 
previously (18). 

Mouse monoclonal antibodies (MAbs) recognizing protein disulfide isomerase 
(PDI) (MAb 1D3, marker for the ER [68]) and human ERGIC-53 (MAb G1/93, 
ER-Golgi intermediate compartment [ERGIC] marker; Alexis Biochemicals) 
were used. Rabbit antisera against rat LC3, raised using either a synthetic 
peptide (serum no. 2-3) or recombinant rat LC3 (serum SK2-6), were kindly 
provided by Tamotsu Yoshimori and Takahiro Kamimoto, National Institute of 
Genetics, Japan (21). A bovine serum albumin-coupled synthetic peptide (NH,- 
MPSEKTFKQRRTFEQRVEDKK-COOH) representing the human LC3B N- 
terminal domain was used to raise an additional rabbit antiserum (aLC3B), as 
described above. The reactivity of this antiserum was confirmed using the GFP- 
LC3B fusion protein described above (see Fig. 7A; also data not shown). 

Immunofluorescence microscopy. SARS-CoV-infected Vero E6 cells on glass 
coverslips were fixed with 3% paraformaldehyde (for at least 16 h) at various 
time points after infection and were processed for immunofluorescence micros- 
copy essentially as described by van der Meer et al. (67). Following permeabili- 
zation, single- or dual-labeling IF assays were carried out with rabbit antisera 
and/or mouse monoclonal antibodies, which were detected using indocarbocya- 
nine (Cy3)-conjugated donkey anti-rabbit Ig and Alexa Fluor 488-conjugated 
goat anti-mouse Ig secondary antibodies, respectively (Molecular Probes/Invitro- 
gen). Samples were examined with a Zeiss Axioskop 2 fluorescence microscope 
(equipped with the appropriate filter sets, a digital Axiocam HRc camera, and 
Zeiss Axiovision 4.2 software) or with a Zeiss LSM510 confocal laser scanning 
microscope, constantly using the same pinhole setting for both channels to give 
optical sections with a standard thickness of 0.8 zm. Images were optimized with 
Adobe Photoshop 6.0. 

Electron microscopy. For ultrastructural morphological investigation, SARS- 
CoV-infected Vero E6 cells were initially fixed at various time points after 
infection with 1.5% glutaraldehyde in 100 mM cacodylate buffer for 60 min at 
room temperature (RT), postfixed with 1% osmium tetroxide in phosphate 
buffer for 60 min at 4°C, dehydrated in a graded ethanol series up to 100%, and 
embedded in epoxy LX-112 resin. In follow-up experiments, infected cells were 
prefixed overnight at RT with 3% paraformaldehyde and then cryofixed by 
high-speed plunge freezing in liquid ethane. This step was followed by freeze 
substitution with 1% osmium tetroxide and 0.5% uranyl acetate in acetone, 
dehydration in acetone, and subsequent embedment in epoxy LX-112 resin. 
Ultrathin sections were contrasted with uranyl acetate and lead hydroxide. 

For immunoelectron microscopy, cells were fixed with 3% paraformaldehyde 
and 0.2% glutaraldehyde in PHEM buffer {60 mM PIPES [piperazine-1,4-bis(2- 
ethanesulfonic acid)], 25 mM HEPES, 2 mM MgCl,, 10 mM EGTA} for 2 h at 
RT. After being washed in phosphate-buffered saline, the cells were scraped 
from the dish, pelleted, and embedded in 12% gelatin. The pellet was cut into 
~1-mm? cubes, which were cryoprotected in 2.3 M sucrose and subsequently 
snap-frozen in liquid nitrogen. Ultrathin cryosections were labeled with SARS- 
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CoV-specific rabbit serum ansp3 (1:500), ansp13 (1:300), or aM (1:200) or with 
anti-PDI MAb 1D3 (1:30). 

Rabbit antibodies were detected with protein A-gold particles, whereas mouse 
MAbs were indirectly labeled with protein A-gold particles via a rabbit anti- 
mouse IgG bridging antibody (1:200) (Dako Cytomation, Denmark). For single- 
labeling experiments, 15-nm colloidal gold particles were used, and for double- 
labeling experiments, both 10- and 15-nm colloidal gold particles were used. The 
sections were contrasted with uranyl acetate and embedded in methyl cellulose. 

All specimens were viewed with a Philips CM-10 transmission electron micro- 
scope (Eindhoven, The Netherlands) at 80 kV. 


RESULTS AND DISCUSSION 


Colocalization of key SARS-CoV replicative proteins in in- 
fected cells. We first studied the subcellular localization of a 
variety of SARS-CoV nonstructural proteins by using our 
panel of rabbit antisera (Table 1) with IF assays. Five proteins 
that contain key enzymatic functions for coronavirus replica- 
tion were included in this analysis: the two proteinases (nsp3 
and nsp5), RdRp (nsp12), helicase (nsp13), and NendoU 
(nsp15). In addition, we successfully raised antisera recogniz- 
ing two small ORFla-encoded subunits with RNA-binding 
properties, nsp8 and nsp9 (10, 63, 70; also data not shown). 

The replication cycle of SARS-CoV in Vero E6 cells takes 
about 12 h (16, 19, 45). The first signal for each of the non- 
structural proteins mentioned above, including that for the 
previously uncharacterized Mpro (nsp5), RdRp (nsp12), and 
NendoU (nsp15) subunits, could be detected between 4 and 
6 hp.i. In each case, as exemplified for nsp3 in Fig. 2, the early 
labeling pattern is a punctate cytoplasmic staining, which de- 
velops into a number of densely labeled areas close to the nucleus 
later in infection. In single-labeling experiments, the staining pat- 
terns for all nonstructural proteins studied were essentially similar 
(data not shown). 

To analyze the extent of colocalization between different 
nonstructural proteins, the Ig fraction from the ansp3 serum 
was purified and coupled directly to the fluorescent AF488 dye. 
This allowed us to perform dual-labeling experiments by incu- 
bating the fixed cells first with a regular ansp rabbit serum, 
then with a Cy3-labeled anti-rabbit Ig conjugate, and finally, 
after extensive washing (four to five buffer changes in 30 min), 
with the AF488-labeled ansp3 Ig. Experiments with antisera 
recognizing proteins that do not colocalize with nsp3 (e.g., the 
SARS-CoV M protein [Fig. 3D], described below) demon- 
strated that this protocol prevents cross-reaction of the Cy3- 
labeled anti-rabbit Ig conjugate and the AF488-labeled ansp3 
Ig fraction. Using this approach, we assessed the colocalization 
of nsp3 with the other nonstructural proteins at 6, 9, and 12 h 
p.i. Representative dual-labeling images, recorded with a con- 
focal microscope, are shown in Fig. 3A for the 9-h p.i. time 
point. Generally, throughout infection, the extent of colocal- 
ization between the nsp3 staining and that for nsp5, nsp12, 


labeling experiment (6 h p.i.) for SARS-CoV nsp3 and the viral M protein, which localizes to the Golgi complex at this time point. (E) Labeling for the 
SARS-CoV M protein at 9 h p.i., showing the spread of the protein throughout the cytoplasm, presumably due to the traffic of progeny virions towards 
the plasma membrane. Insets illustrate the strong labeling of the region just beneath the plasma membrane. (F) Double-labeling experiment (18 h p.i.) 
for SARS-CoV nsp3 and M protein, confirming the almost-complete separation of the two proteins also at late time points in infection. (G) 
Double-labeling experiment (18 h p.i.) using an AF488-coupled IgG fraction purified from an anti-nsp3 serum and an antiserum recognizing nsp13, 
illustrating the colocalization of the two proteins also at late stages of infection. In general, late in infection, the nsp13 signal was found to decline more 
rapidly than that of nsp3, suggesting differences in turnover of these two proteins. Bar, 10 wm. 
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nsp13, and nsp15 was large to very large, although some vari- 
ation between cells was observed and small numbers of single- 
labeled spots were also visible. Similar observations were made 
for nsp8 and nsp9 (data not shown). Our IF data confirm and 
extend results published by others (16, 45) and are in line with 
the expected formation of a membrane-bound RC containing 
most of the replicase cleavage products in SARS-CoV-infected 
cells. 

Separation of membranes involved in SARS-CoV RC for- 
mation and virus assembly. For MHV, it was previously re- 
ported that, at late time points after infection, a subset of 
nonstructural proteins (including nsp1 and the nsp13 helicase) 
relocalize to the presumed site of virus assembly, which was 
identified using an antiserum against the triple-spanning mem- 
brane protein (M protein), a major component of virus parti- 
cles. Based on this observation, Bost et al. (5) and Brockway et 
al. (7) proposed a link between these components of the RC 
and the regulation of RNA packaging and/or virus assembly. 
On the other hand, it should be noted that the analysis of 
MHV-infected cells late in infection is complicated by strong 
syncytium formation, which induces major changes in the cel- 
lular infrastructure. In our studies, the fact that SARS-CoV 
infection only rarely induces syncytia in Vero E6 cells was 
a clear advantage and prompted us to assess the extent of 
overlap between RC-containing regions and the site of virus 
assembly. 

The coronavirus M protein is a major determinant of virion 
budding (for a recent review, see reference 8 and references 
therein) which has been reported to occur in the ERGIC (24). 
However, the documented site of M accumulation in corona- 
virus-infected cells is not the ERGIC but the Golgi complex 
(23), although the exact localization within this organelle can 
range from the cis to the trans side (25, 29). In the Golgi 
complex, the M protein may be present either incorporated in 
maturing virions or inserted in the membranes of the organelle 
itself. In an expression system, the SARS-CoV M protein was 
also targeted to the Golgi complex (36); however, to our 
knowledge, the localization of the protein in SARS-CoV-in- 
fected cells has not yet been described. We have previously 
reported the complete separation of the SARS-CoV nsp13 
helicase staining and the Golgi complex, which was labeled 
using a Golgi-GFP marker protein (19). In follow-up experi- 
ments, the staining with a MAb recognizing an established 
marker protein for the ERGIC (ERGIC-53 [54]) was also 
found to be separated from the nsp3/nsp13 labeling through- 
out infection (Fig. 3B and C; also data not shown). 

Subsequently, an anti-SARS-CoV M rabbit serum (Table 1) 
was used to visualize compartments involved in virion assembly 
and maturation. As expected, the aM labeling was found to 
change dramatically during the course of infection (Fig. 3D, E, 
and F). Whereas the early staining was restricted to the Golgi 
complex (Fig. 3D; also data not shown), the protein was seen 
in spots throughout the cytoplasm when the cells entered the 
productive stage of infection (Fig. 3E), presumably due to the 
traffic of progeny virions towards the plasma membrane. This 
notion was supported by strong labeling of the area just be- 
neath the plasma membrane (Fig. 3E) and material outside the 
cells. 

Finally, infected cells were double labeled using the AF488- 
labeled ansp3 Ig fraction and the aM serum and analyzed by 
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confocal microscopy. It was found that throughout infection, 
despite the considerable changes in M protein staining, the two 
signals remained almost completely separated (Fig. 3F). Given 
the large overlap between the staining for nsp3 and that for all 
other nonstructural proteins studied here, including the nsp13 
helicase (Fig. 3A and G), this result makes it unlikely that 
these SARS-CoV nonstructural proteins undergo the late re- 
localization to compartments involved in virus assembly that 
was described for MHV. To establish whether this is due to 
the absence of syncytium formation in the case of SARS-CoV, 
to the use of different cell lines in studies with MHV, or to a 
specific difference between these two coronaviruses, more de- 
tailed comparative studies are required, and these are in 
progress. 

SARS-CoV infection induces DMV formation. At various 
time points after infection, the ultrastructural changes in 
SARS-CoV-infected Vero E6 cells were investigated by pre- 
paring samples for transmission electron microscopy using 
conventional chemical fixation followed by embedment in an 
epoxy resin. At 6 h p.i., conspicuous vesicular structures, which 
were absent in mock-infected cells, were readily observed. 
These structures appeared to have a single membrane (al- 
though small pieces of double membrane could occasionally be 
discerned [Fig. 4C]). The vesicles were irregular in shape and 
often displayed a spider web-like content (Fig. 4A and C). 
They were clearly associated with the (dilated) rough ER and 
were regularly found located within this organelle (Fig. 4B). 
Furthermore, they frequently clustered in the perinuclear re- 
gion, in areas with many mitochondria, which showed normal 
morphology (Fig. 4A). These vesicle clusters had increased in 
size and number by 9 h p.i. 

The morphological characteristics of the SARS-CoV-in- 
duced vesicles differed in several respects from those described 
for MHV-infected cells. Although the size (200 to 350 nm) and 
irregular shape resembled those of MHV DMVs (14), the 
double membrane (reported to be often fused into a trilayer in 
the case of MHV) was lacking and the interior of the vesicles 
was not as electron lucent as that of the empty vesicles de- 
scribed for MHV. Taken together, these observations sug- 
gested that these membranous structures associated with the 
early phase of SARS-CoV infection had not been well pre- 
served by the routine chemical fixation used in the initial ex- 
periments. 

To test this hypothesis, we subsequently applied cryofixation 
by high-speed plunge freezing in liquid ethane, followed by 
freeze substitution with 1% osmium tetroxide and 0.5% uranyl 
acetate in acetone. This method resulted in a strikingly differ- 
ent morphology of the membranous structures (Fig. 5). They 
were now spherical, with an electron density similar to that of 
the cytoplasm, and limited by a clear double membrane (Fig. 
5A and C). With the exception of a significant size difference 
(average diameters of 200 to 300 versus 80 to 100 nm), the 
characteristics of these DMVs corresponded with those de- 
scribed for cells infected with the distantly related arterivirus 
EAV (40, 67). Furthermore, in addition to the previously ob- 
served association with the rough ER (Fig. 4B), the outer 
membrane of the SARS-CoV DMVs was occasionally seen to 
be continuous with the outer membrane of a mitochondrion 
(Fig. 5D). Some of the observed profiles were reminiscent of 
the “protrusion and detachment” model, described by Peder- 
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FIG. 4. EM analysis of SARS-CoV-infected Vero E6 cells (pa 
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es 


nels A and B, 6 h p.i; panel C, 9 h p.i.) fixed using conventional chemical fixation 


and embedded in epoxy LX-112 resin. (A) Low-magnification overview of a cluster of virus-induced vesicles in the perinuclear region of the cell 
(N, nucleus), which is also rich in mitochondria (M). Whereas other membranes, like those of mitochondria, were generally well preserved, the 
virus-induced vesicles were quite electron lucent and the surrounding membranes were poorly visible. (B) Virus-induced vesicles were often 
observed to occur in association with the ER or inside the lumen of the (dilated) ER (arrow). (C) Close-up of virus-induced vesicles, showing their 
electron-lucent interior with a spider web-like content. Only occasionally, a part of a surrounding double membrane was observed (arrow). The 
images presented in this figure illustrate the poor conservation of the virus-induced vesicles when standard procedures for fixation and embedment 


were used. Bar, 250 nm. 


sen et al. (40) as one of the possibilities for the formation of 
EAV DMVs (Fig. 5E). 

Taken together, our data suggested that preparative proce- 
dures are critical during studies aimed at understanding the 
intracellular membrane changes that are thought to accom- 
pany the formation of the SARS-CoV RC. This was also true 
for the visualization of virus particles that were secreted from 
infected cells (Fig. SA). In the cryofixed samples, these parti- 
cles displayed strikingly well-preserved features, including 
clearly visible spikes (Fig. 5B), which were only rarely observed 
after conventional chemical fixation (reference 50 and refer- 
ences therein; also data not shown). 

SARS-CoV nonstructural proteins localize to virus-induced 
DMVs. To establish the presence of SARS-CoV nonstructural 
proteins on the DMV structures, we employed IEM. Ultrathin 
cryosections of chemically fixed, SARS-CoV-infected Vero E6 
cells were used for immunogold-labeling experiments. Unfor- 
tunately, this IEM protocol is not compatible with the cryofix- 
ation procedures that were employed for our morphology stud- 
ies. Still, when the chemical fixation required for subsequent 
IEM was used, infected cells from 6 h p.i. onward showed 


vesicles similar to those found in the epoxy resin-embedded 
samples (Fig. 6A and B). Clusters of irregularly shaped vesicles 
were observed in the perinuclear area, and their size was com- 
parable to those in the epoxy-embedded samples described 
above. Structures of this kind were not observed in mock- 
infected control cells (data not shown). However, the interior 
of the vesicles now appeared to be empty, probably due to the 
mild fixation procedure required for IEM. At the same time, 
the membranes and general morphology of other organelles in 
these specimens, like mitochondria (Fig. 6A and B), were well 
preserved. This indicated that the poor preservation of the 
(putative) DMVs is specific for these structures and that they 
require special processing for visualization at the ultrastruc- 
tural level, in particular for subsequent immunolabeling stud- 
ies. 

Our panel of SARS-CoV-specific rabbit antisera (Table 1) 
was used for IEM on this material. Positive results were ob- 
tained with the antisera recognizing nsp3, nsp8, nsp13, and M. 
The SARS-CoV-induced vesicles were specifically labeled with 
ansp3 (Fig. 6A), ansp8 (data not shown), and ansp13 (Fig. 
6B). In addition to these vesicles, structures presumed to be 


ysanB Aq Glog ‘Gz youeyy uO /Bso'wse'IAl//:d}}y wos papeojumoqg 


5934 SNIJDER ET AL. 


J. VIROL. 


freezing in liquid ethane, a step followed by freeze substitution with 1% osmium tetroxide and 0.5% uranyl acetate in acetone and embedment in 
epoxy LX-112 resin. (A) Low-magnification overview of a region rich in virus-induced DMVs (arrows) and mitochondria (M). The interior of the 
virus-induced vesicles was strikingly different from that in the images presented in Fig. 4, and clear double membranes were now found to surround 
the structures. (B) Close-up of virions outside of the cell, with the spikes on the virion surface illustrating the general high quality of samples 
prepared using cryofixation. (C) Close-up of virus-induced DMVs, showing the double membrane of the structure and the high electron density 
of the interior compared to those shown in Fig. 4C. (D) Example of apparent continuity (arrow) between the outer membrane of a DMV and a 
mitochondrion (M), as was occasionally observed. (E) Example of a possible intermediate (arrow) in DMV formation, reminiscent of the 
previously proposed “protrusion and detachment” model (40). Bars, 250 nm (A, C, D, and E) and 100 nm (B). 


ER were positive for these nonstructural proteins. Such mem- 
branes could be double labeled for SARS-CoV nonstructural 
proteins and PDI, an ER marker protein (Fig. 6C), but no 
colocalization was found on the vesicles themselves. This may 
be explained either by the apparent loss of their interior 
contents upon use of the IEM protocol or by the fact that 
PDI is a luminal protein that may be (largely) excluded from 
the space between the two tightly apposed membranes that 
form a DMV. 

In line with our IF observations on the separation between 
the labeling for SARS-CoV nonstructural proteins and that for 
M protein (Fig. 3), the aM serum did not label the vesicles that 
were positive for nonstructural proteins. Only Golgi stacks and 


virions were heavily labeled with this antiserum (Fig. 6D), 
supporting our conclusion that different membrane popula- 
tions are involved in RC formation and virus assembly in 
SARS-CoV-infected cells. 

A link between the SARS-CoV RC and the cellular autoph- 
agy pathway? A recent study of MHV suggested a connec- 
tion between coronavirus replication and autophagy (44), a 
cellular housekeeping process and stress response that re- 
sults in the degradation and recycling of cytoplasmic con- 
stituents (22, 28). The initial autophagosome contains two 
distinct membranes, which was the primary basis for the 
proposed link to the DMVs implicated in MHV RNA syn- 
thesis (14). Also, work from the Kirkegaard laboratory has 
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FIG. 6. IEM analysis of SARS-CoV-infected Vero E6 cells (panels A, B, and D, 9 h p.i.; panel C, 6 h p.i.). Ultrathin cryosections of chemically fixed, 
SARS-CoV-infected Vero E6 cells were used for immunogold-labeling experiments. Although this protocol was not compatible with the preservation of 
the interior of DMV-infected cells, many virus-induced vesicles were observed. (A) Cluster of irregularly shaped vesicles in the perinuclear area, which 
again also contained many mitochondria (M). The boundary of the structures could be labeled specifically using the ansp3 serum and protein A-gold (15 
nm). (B) Higher magnification of structures as shown in panel A but now labeled with the antiserum directed against the viral helicase (ansp13). 
(C) Example of ER stacks double positive for nsp13 (visualized using 15-nm gold; arrows) and the cellular protein PDI (visualized using 10-nm gold; 
arrowheads). (D) Double labeling using the ansp13 serum (visualized using 10-nm gold; arrowheads) and the aM serum (visualized using 15-nm gold). 
The oM serum labeled the Golgi area on the infected cell and new virus particles but did not label the vesicles that were positive for nonstructural proteins 
(and vice versa for the onsp13 serum). Bar, 250 nm. 
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implicated autophagy in the formation of membrane vesicles 
associated with the poliovirus RC (20, 22, 53, 62), although 
data from Bienz and coworkers (48) suggested the ER as an 
alternative membrane source. 

Prentice et al. (44) recently described that MHV replication 
induces autophagy and was seriously affected (>4-log-reduced 
progeny virus titers) in a knockout cell line for APG5, the gene 
encoding one of the key proteins in cellular autophagy (Apg5). 
Upon restoration of Apg5 synthesis by transfection of the 
knockout cell line with an expression plasmid, MHV replica- 
tion was restored to normal levels, suggesting that the product 
of the gene is important during some stage of the virus life 
cycle. Upon MHV infection, EM studies revealed that the 
same autophagy-incompetent APG5S knockout cells lacked 
DMvVs and developed hyperswollen membranes, presumably 
of ER origin. Prentice et al. (44) also reported that, in IF 
dual-labeling experiments, the staining for MHV nonstructural 
proteins showed significant overlap with that for two marker 
proteins of autophagic vacuoles, Apgl2 and LC3. Subse- 
quently, the same laboratory reported the colocalization of 
SARS-CoV nsp8 with LC3 (45). In particular, LC3, the homo- 
logue of Saccharomyces cerevisiae Apg8, is considered a marker 
protein for the autophagic pathway since it is known to be 
retained in autophagosomal membranes until their maturation 
is complete (21, 22, 34). 

Unfortunately, in our hands, the use of the same aLC3 
rabbit antisera used in the MHV studies resulted in IF images 
with a high background signal. A newly produced anti-human 
LC3B rabbit serum (Fig. 7A), raised using a synthetic peptide, 
performed slightly better, but as described by others (32), im- 
munodetection of LC3 was often problematic. However, in the 
small number of SARS-CoV-infected cells that did show con- 
vincing LC3B labeling, the signal was completely separated 
from that of nsp3 (Fig. 7B), although it should be noted that 
the SARS-CoV nsp3 signal in general seemed to be less well 
developed in such cells. 

The technical problems described above made us turn to the 
use of GFP-tagged LC3 produced from a CMV promoter- 
driven vector for transient expression. This approach to visu- 
alize autophagosomal structures has been well established (21, 
32, 35, 64) and was recently used to show colocalization of 
GFP-LC3 and poliovirus replicase proteins (20). Also, a GFP 
fusion to LAMP1, a protein acquired by autophagosomes dur- 
ing the later stages of their maturation (see reference 22 and 
references therein), was used in these studies and found to 
localize to poliovirus-induced vesicles. He et al. (17) re- 
cently described the existence of three isoforms of human 
LC3, which were all concluded to localize to autophagic 
membranes and which displayed similar, punctate labeling 
patterns. Expression vectors for fusions of GFP to human 
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LC3A, LC3B, and LC3C were generated and used for co- 
localization studies (Fig. 7C to E). 

We transfected Vero E6 cells with expression plasmids for 
either GFP-LC3A, -LC3B, or -LC3C or LAMP1-GFP and, 5 h 
later, infected them with SARS-CoV. Expression of all four 
fusion proteins was observed, and the marker proteins localized 
to distinct cytoplasmic structures (Fig. 7C to F, GFP panels). 
Upon double labeling with antisera recognizing SARS-CoV non- 
structural proteins, the separation of the marker proteins and 
viral replicase subunits was complete (Fig. 7C to F, overlay pan- 
els). For LAMP1, this result was confirmed independently by 
double labeling with a LAMP!1-specific monoclonal antibody 
(data not shown). 

Concluding remarks. All mammalian positive-strand RNA 
viruses rely on membrane surfaces as the scaffold for their RC, 
but the structures induced and the compartment used as the 
membrane donor can apparently be quite different (1, 4, 30, 38, 
51). How specific the interaction between a viral RC and such 
a membrane compartment really is remains to be established. 
In fact, it was recently reported that retargeting of the flock 
house virus RC from mitochondria to the ER was not only 
tolerated but surprisingly resulted in a sixfold increase of RNA 
replication efficiency (33). In this light, it clearly remains to be 
established to which extent the mechanisms for membrane 
association of the RC have been conserved between members 
of the highly diverged nidovirus group. In all nidoviruses (67), 
the ORF la-encoded part of the replicase contains three con- 
spicuous hydrophobic domains (located in nsp2, nsp3, and 
nsp5 in arteriviruses and in nsp3, nsp4, and nsp6 in coronavi- 
ruses), of which the last two flank the viral main proteinase. 
Due to ORFla/ORF1b ribosomal frameshifting, these sub- 
units are overexpressed relative to the key enzymatic domains 
encoded in ORF 1b, which seems compatible with a “structural 
protein” role during the formation of structures that carry the 
RC. For the arterivirus EAV, coexpression of nsp2 and nsp3 
suffices to induce DMVs, which are probably derived from the 
ER and strikingly resemble those induced in infected cells (60). 

In comparative studies using Vero E6 cells, which can be 
infected with both viruses, we noticed a striking resemblance 
between the localization of EAV and SARS-CoV nonstruc- 
tural proteins at the level of IF microscopy. In a double infec- 
tion experiment, using dual labeling for their respective nsp3 
proteins, both viruses were found to induce similar but distinct 
punctate labeling patterns, suggesting that each virus gener- 
ated its own specific structures in the same region of the cell, 
while excluding the proteins of the other virus (data not 
shown). In our experience, the MHV RC staining pattern in 
mouse cell lines is somewhat different, but a direct comparison 
between EAV, SARS-CoV, and MHV has not yet been pos- 
sible due to the lack of a cell line that can be infected with all 


FIG. 7. IF microscopy analysis of the overlap between autophagosomes (visualized by means of the LC3 marker protein) and the SARS-CoV 
RC in infected Vero E6 cells (9 h p.i.). (A) Staining of GFP-LC3B-expressing, transfected Vero E6 cells with the aLC3B rabbit antiserum that 
was raised using an N-terminal synthetic peptide (see Materials and Methods). (B) IF double-labeling analysis showing a (relatively rare) example 
of a SARS-CoV-infected cell with a convincing LC3B labeling pattern which is clearly distinct from the staining for the viral replication complex 
(nsp3). (C to E) Staining of pGFP-LC3A, -LC3B, -LC3C-transfected and SARS-CoV-infected Vero E6 cells, showing complete separation of 
compartments positive for GFP-LC3A, GFP-LC3B, or GFP-LC3C and structures carrying the viral replication complex (stained with ansp3). 
(F) Staining of pLAMP-GFP-transfected and SARS-CoV-infected Vero E6 cells, showing complete separation of compartments positive for 
LAMP1-GFP and structures carrying the viral replication complex (stained with ansp3). Bar, 10 jm. 
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three viruses. Consequently, also given the limited information 
available for other coronaviruses, the existence of significant 
differences between MHV and SARS-CoV can certainly not be 
excluded at present. 

Also, another issue addressed in this paper, the separation 
between the RC and the site of virus assembly, points to pos- 
sible differences between SARS-CoV and MHV. For the latter 
virus, relocalization of specific nonstructural proteins to the 
site of virus assembly was reported (5, 7), based on dual- 
labeling experiments involving the viral transmembrane pro- 
tein M, a key determinant of virus assembly. In our studies with 
SARS-CoV (Fig. 3), we did not detect relocalization of non- 
structural proteins (including the nsp13 helicase, which was 
reported to relocalize in the case of MHV) and observed an 
almost-complete separation of RC and M protein throughout 
infection. The separation of viral RNA synthesis and virion 
assembly was further supported by the complete separation of 
SARS-CoV nonstructural protein labeling and markers for the 
ERGIC (Fig. 3B) and the Golgi complex (19). Our EM studies 
also supported the separation of DMVs and assembling viruses 
and of marker proteins thought to be specific for both pro- 
cesses (Fig. 6). 

In the case of MHV, disruption of the autophagic pathway 
had a pronounced effect on virus replication as a whole. Au- 
tophagic membranes were implicated in DMV formation, in 
particular because viral nonstructural proteins were found to 
colocalize with the autophagic marker protein LC3 (44). For 
SARS-CoV, Prentice et al. (45) reported a similar colocaliza- 
tion between LC3 and nsp8, a protein that colocalizes with a 
variety of other nonstructural proteins, like nsp2 and nsp3 (45) 
and nsp5, nsp9, nsp12, nsp13, and nsp15 (this study). However, 
using an approach based on recent studies aimed at identifying 
the origin of poliovirus-induced RC-containing vesicles (20), 
we did not obtain evidence for colocalization of LC3 or GFP- 
LC3 with the SARS-CoV RC (Fig. 7). In fact, our observations 
were in line with our previous conclusion (19), based on IF 
microscopy studies using ER marker proteins, that the staining 
for nsp13 shows a significant overlap with the ER. This result 
has now been confirmed at the EM level (Fig. 6C), and also our 
morphological observations (Fig. 4B) suggest a link between 
SARS-CoV DMVs and the ER. The nucleation of autophago- 
somes and the origin of autophagic membranes are poorly 
understood (see references 22 and 28 and references therein), 
and a role for the ER in these aspects of autophagy is consid- 
ered likely, thus leaving the possibility of a (direct or indirect) 
link between ER membranes, DMVs, and autophagosomes. 
Still, in our opinion, the fact that membranes positive for 
SARS-CoV nonstructural proteins appear to lack a specific 
autophagic marker, like LC3, but do contain an ER-resident 
protein, like PDI, argues against the involvement of the autoph- 
agic pathway in DMV formation. 

Finally, an important technical aspect of this study concerns 
the fragility of the SARS-CoV DMVs. Although the corre- 
sponding structures of EAV and MHV could be readily visu- 
alized following conventional fixation and embedment, preser- 
vation of SARS-CoV DMVs required high-speed plunge 
freezing and freeze substitution (Fig. 5). In particular, the 
inner membrane and DMV contents, which were likely con- 
verted into the spider web-like structure upon conventional 
fixation (Fig. 4C), appear to be very sensitive. Previously, for 
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MHV, the double membrane could be visualized following 
conventional fixation, but DMVs appeared to be empty (14). 
The fragility of coronavirus DMVs is reminiscent of studies 
with poliovirus reporting that special fixation protocols are 
required to visualize DMVs induced by this virus (53). For 
SARS-CoV and other nidoviruses, this also leaves the possi- 
bility that DMVs are derived from structures and/or interme- 
diates that may only be detected using advanced cryofixation 
procedures, a possibility that is currently being investigated in 
our laboratory. In combination with the ongoing biochemical 
dissection of nidovirus RCs and their associated membrane 
structures, these studies may provide more definitive evidence 
concerning origin, morphogenesis, and composition of these 
virus-induced structures. Moreover, they may reveal why these 
nidovirus RC-carrying vesicles have a double membrane and 
where on these structures viral RNA synthesis occurs. 
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